Abstract. In this study, we determined the diagnostic accuracy of cerebrospinal fluid (CSF) biomarkers to predict development of Alzheimer's disease (AD) within five years in patients with mild cognitive impairment (MCI). To do so, the levels of tau, phosphorylated tau, Aβ42, Aβ40, Aβ38, sAβPPα, and sAβPPβ were analyzed in 327 CSF samples obtained at baseline from patients with AD (n = 94), MCI (n = 166), depressive disorder (n = 29), and cognitively healthy controls (n = 38). In the cohort with MCI at baseline, 33% subsequently developed AD and 16% developed other types of dementia; however, 51% were still cognitively stable after a follow-up of 4.7 years (range 3.0-7.2). Optimal cut-offs for each biomarker or combinations of biomarkers were defined in the AD, control, and depressive disorder groups. Several combinations resulted in sensitivity and specificity levels > 85% for differentiation of AD from controls and depressive disorder. Using the previously established cut-offs, a combination of Aβ42 and tau could predict future development of AD in MCI patients with a sensitivity of 88%, specificity 82%, positive predictive value 71%, and negative predictive value 94%. MCI patients with both low Aβ42 and high tau levels had a substantially increased risk of developing AD (OR 20; 95% CI 6-58), even after adjustment for confounding factors. Ultimately, CSF biomarkers can stratify MCI patients into those with very low or high risk for future development of AD. However, the specificities and positive predictive values are still too low to be able to diagnose AD before the patients fulfill the clinical criteria.
INTRODUCTION
Alzheimer's disease (AD) is the most common cause of dementia, and the global prevalence is estimated to γ-secretase cleavages of the large trans-membranous amyloid-β protein precursor (AβPP). Through variability in the γ-secretase cleavage site, AβPP processing may also yield peptides with other C-terminal amino acids, such as Aβ 1−38 and Aβ 1−40 . Processing of AβPP also produces the N-terminal soluble fragments, including sAβPPα and sAβPPβ [2] [3] [4] .
The underlying disease process probably starts decades before the clinical onset of the disease [4] [5] [6] . Disease modifying therapies such as γ-and β-secretase inhibitors or vaccination regimens are more likely to be effective if initiated during the early phases of AD when the neurodegeneration is not too severe. Therefore, there is an urgent need for methods to accurately detect AD pathology before the affected subjects have become demented [4] [5] [6] .
Mild cognitive impairment (MCI) is a heterogeneous syndrome, where approximately 30-50% of the patients will develop AD within five years [7] . Several studies on cohorts with MCI have shown that abnormal levels of cerebrospinal fluid (CSF) tau and Aβ 1−42 are associated with subsequent development of AD [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, many of these studies have had relatively short periods of clinical follow-up. In MCI populations, it probably takes at least five years before most of the patients with preclinical AD have become demented and thereby may be diagnosed with clinical AD. Studies with short follow-up time will therefore underestimate the true prevalence of incipient AD. Consequently, if a biomarker can detect AD pathology many years before conversion to dementia will occur, the estimated specificity (and positive predictive value) of that biomarker will be falsely low in such studies. To our knowledge only one study has previously investigated the diagnostic value of CSF biomarkers in a MCI population, who have been followed up clinically after an average of more than four years [10] . A limitation of that particular study was however that the cut-off levels for CSF tau and Aβ 42 were established in the same cohort of patients that was then used to evaluate the diagnostic performance of the biomarkers to detect incipient AD.
In the presents study, the levels of total tau (Ttau), phosphorylated tau (P-tau), Aβ 42 , Aβ 40 , Aβ38, sAβPPα, and sAβPPβ were analyzed in 327 CSF samples obtained at baseline from patients with AD (n = 94), MCI (n = 166), depressive disorder (n = 29), and cognitively healthy controls (n = 38). The included patients with MCI at baseline have either subsequently developed a certain type of dementia or they have been cognitively stable for an average of 4.7 years (range 3.0-7.2 years). Following recommendations in the STARD criteria [18] , we established the cut-off levels of the individual biomarkers or combinations of biomarkers when differentiating AD patients from controls and patients with depressive disorder. The ability of the biomarkers to predict future development of AD was then evaluated in the MCI cohort.
MATERIALS AND METHODS

Patients with AD, MCI, depression, and cognitively healthy controls
In the present study, performed at the Memory clinic of Malmö University Hospital, CSF samples were included from patients with AD (n = 94), MCI (n = 166), depressive disorder (n = 29), and from cognitively healthy controls (n = 38). At the clinical baseline visit, physicians with special interest in cognitive disorders performed a thorough physical, neurological, and psychiatric examination, as well as a clinical interview focusing on cognitive symptoms and ADL function. Furthermore, cognitive tests, analysis of apolipoprotein E (APOE) genotype, and imaging of the brain were done. Patients who received an AD diagnosis at baseline had to meet the DSM-IIIR criteria of dementia [19] and the criteria of probable AD defined by NINCDS-ADRDA [20] . The AD patients were followed over time with repeated clinical evaluations, which increases the clinical diagnostic accuracy.
Patients with MCI at baseline had to fulfill the criteria advocated by Petersen and colleagues [7] , including: 1) memory complaint, preferably corroborated by an informant; 2) objective memory impairment adjusted for age and education, as judged by the physician; 3) preservation of general cognitive functioning, as determined by the clinician's judgment based on a structured interview with the patient and a Mini-Mental Status Examination (MMSE) score greater than or equal to 24; 4) zero or minimal impairment of daily life activities; and 5) not fulfilling the DSM-IIIR criteria of dementia. Patients with other causes of cognitive impairment, including subdural hematoma, brain tumor, CNS infection, schizophrenia, major depressive episode, and current alcohol abuse were not included. However, MCI subjects were allowed to show signs of white matter changes or silent brain infarcts, because these changes are frequent in elderly subjects with or without cognitive deficits. Similarly, MCI patients with mild to moderate depressive symptoms and low plasma concentrations of vitamin B12 or folate were not excluded.
The included patients with MCI at baseline have either subsequently developed a certain type of dementia or they have been cognitively stable for an average of 4.7 years (range 3.0-7.2 years). The patients with MCI who received a diagnosis of AD during clinical followup were required to meet the same criteria as those diagnosed with AD already at baseline (see above). Subjects who during follow-up were diagnosed as having vascular dementia (VaD) fulfilled the DSM-IIIR criteria of dementia and the requirements for probable VaD by NINDS-AIREN [21] . VaD of the subcortical type were diagnosed according to the recommendations by Erkinjuntti and co-workers [22] . The consensus criteria by McKeith and coworkers [23] were applied when diagnosing dementia with Lewy bodies.
Patients with depressive disorder fulfilled the DSM-IV criteria of depression [24] . They did not fulfill the criteria of MCI or dementia at the baseline visit or during clinical follow-up.
The control population consisted of healthy elderly volunteers, who were recruited in the city of Malmö, Sweden. Inclusion criteria were (i) absence of memory complaints or any other cognitive symptoms; (ii) preservation of general cognitive functioning; and (iii) no active neurological or psychiatric disease.
The clinical diagnoses of all patients were reviewed by a consensus group consisting of three medical doctors (JH, LM, and OH) with special interest in cognitive disorders. Out of the 327 subjects included in the present study, data from 30 cases have previously been published [16] .
The study was approved by the Ethics Committee at the University of Lund and the patients and/or their relatives gave their informed consent (for research).
Analysis of baseline CSF
CSF was collected in polypropylene tubes, stored at −80
• C and analyzed after the clinical follow-up of the study was completed. The procedure followed The Alzheimer's Association Flow Chart for LP and CSF sample processing [25] . The levels of total tau, tau phosphorylated at Thr 181 (P-tau) and Aβ 42 were determined using xMAP technology as previously described [26] . In the present study the results were not adjusted to match those obtained from conventional ELISA measurements. In eight cases (7 MCI and 1 depression), xMAP analysis resulted in technical errors and these samples were excluded from the study. CSF Aβ 38 , Aβ 40 , and Aβ 42 levels were analyzed by electrochemiluminescence technology (Meso Scale Discovery [MSD], Gaithersburg, Maryland, USA), using the MS6000 Human Abeta 3-Plex Ultra-Sensitive Kit, following the recommendations by the manufacturer. Measurement of β-secretase cleaved soluble AβPP (sAβPPβ) and α-secretase cleaved soluble AβPP (sAβPPα) in CSF was performed by electrochemiluminescence technology (Meso Scale Discovery, Gaithersburg, Maryland, USA), using the MS6000 Human sAβPPα/sAβPPβKit, following the recommendations by the manufacturer. In 7 cases (4 MCI, 2 AD, and 1 depression) MSD analysis resulted in technical errors for the analysis of Aβ 42 . Data from these samples were included in the manuscript, except when MSD Aβ 42 levels were evaluated.
Statistical analyses
The statistical analyses were accomplished with SPSS for Windows, version 17.0.1 (SPSS Inc, Chicago, Illinois), unless otherwise specified. To compare demographic and CSF baseline data between groups, a non-parametric Kruskal-Wallis test was performed followed by Mann-Whitney U -test for continuous variables with correction for multiple comparisons (see Table 1 ). Pearson's x 2 test was used for dichotomous variables. The Spearman correlation coefficient was used for bivariate correlation analyses. Receiver operating characteristic (ROC) curves were drawn by plotting the true-positive fraction (sensitivity) against falsepositive fraction (100% -specificity). When evaluating the ability of CSF biomarkers to distinguish patients with AD from controls and cases with depression, the latter two were treated as one group as CSF biomarker levels did not differ significantly between these groups. The area under the curve (AUC) was calculated using Medcalc for Windows, version 11.1 (Medcalc Software, Mariakerke, Belgium). The MedCalc software was also used to assess the statistical difference of diagnostic performance between the different biomarkers or biomarker ratios (continuous variables only), according to the method developed by DeLong et al. [27] . We used the cut-off levels of the individual biomarkers or combinations of biomarkers that resulted in the highest Youden's index (sensitivity+specificity-1) [28] when differentiating AD patients from controls and patients with depressive disorder. It is important to note that the optimal cut-offs for a certain biomarker (or a certain ratio of biomarkers) is usually not the exactly same when the biomarker (or biomarker ratio) is used alone as a continuous variable compared to when it is used in combination with another biomarker, because the latter approach includes two different continuous variables with two different cut-offs. Using the previously established cut-offs, the diagnostic accuracy of the biomarkers or combination of biomarkers were then evaluated in the MCI-cohort. Binary logistic regression models were used to study whether abnormal levels of CSF biomarkers in MCI patients were associated with subsequent development of AD. The analyses were carried out with adjustment for potential confounding of the baseline demographic variables, i.e., age, gender, MMSE, and APOE ε4 carrier status (carriers of zero, one, or two APOE ε4 alleles). Furthermore, a backward stepwise binary regression model was used to simultaneously estimate the impact of the baseline variables (pathological CSF, age, gender, MMSE total score, and APOE ε4 carrier status) on the conversion to AD among MCI subjects.
RESULTS
Subjects and biomarker levels
In the present study, CSF samples were included from patients with AD (n = 94), MCI (n = 166), depressive disorder (n = 29), and from cognitively healthy controls (n = 38). Out of 166 patients with MCI at baseline, 85 (51%) were cognitively stable when clinically followed up after an average of 4.7 years (3.0-7.2 years). However, 55 (33%) of the MCI patients subsequently developed AD and 26 (16%) developed other types of dementias, including vascular dementia (n = 17), dementia with Lewy bodies (n = 4), progressive supranuclear palsy (n = 3), semantic dementia (n = 1), and normal pressure hydrocephalus (n = 1). In eight cases (7 MCI and 1 depression) xMAP analysis of Aβ 42 , T-tau, and P-tau were missing, and these samples were excluded from the study. The demographic data and biomarker levels of all included subjects are shown in Table 1 . The frequencies of APOE ε4 carriers were significantly higher, and the baseline MMSE scores were significantly lower, in the groups with AD patients and MCI patients who subsequently developed AD (MCI-AD) ( Table 1) . Moreover, both AD patients and the MCI patients who later on developed AD (MCI-AD) had higher baseline levels of T-tau and P-tau and lower levels of Aβ 42 compared with cognitively healthy controls, patients with depressive disorder, cognitively stable MCI patients, and MCI patients who developed other forms of dementias than AD (p < 0.0001) ( Table 1 ). In the control group, there were no significant correlations between CSF biomarkers and age or baseline MMSE score.
Tau and P-tau did not significantly differ between carriers of zero, one, or two APOE ε4 alleles in the studied diagnostic groups. Figure 1 depicts the levels of Aβ 42 in the different diagnostic groups, stratified by the number of APOE ε4 alleles (see also Fig. 2 for specific APOE genotypes). In the control and depression groups, there were no significant differences in Aβ 42 levels between subjects who were carriers of zero, one, or two APOE ε4 alleles; however, in the AD and MCI- Fig. 1 . Figure 1 depicts the levels of Aβ 42 in the different diagnostic groups, stratified by the number of APOE ε4 alleles. The levels of Aβ 42 differed significantly between subjects with AD when compared to controls, cases with depression, or cases with stable MCI, respectively, even when analyzing the subgroups with zero or one APOE ε4 alleles separately (p<0.01). Similarly, the levels of Aβ 42 differed significantly between subjects with MCI-AD when compared to controls, cases with depression, or cases with stable MCI, respectively, even when analyzing the subgroups with zero or one APOE ε4 alleles separately (p<0.01). Error bars represent SEM.
AD groups, Aβ 42 levels were significantly lower in subjects with two alleles of APOE ε4 compared to those with zero alleles (p < 0.01). Importantly, the levels of Aβ 42 differed significantly between subjects with AD or MCI-AD when compared to controls, cases with depression or cases with stable MCI, respectively, even when analyzing the subgroups with zero or one APOE ε4 alleles separately (p < 0.01) ( Table 2 ). The subgroup with two APOE ε4 alleles could not be analyzed separately as it contained only 1 control and 1 case with depression and five cases with either stable MCI or MCI-AD. However, when analyzing individuals with either one or two APOE ε4 alleles as a group, we found very significant differences in the levels of Aβ 42 between subjects with AD or MCI-AD when compared to controls, cases with depression or stable MCI cases, respectively (p < 0.001).
Biomarkers for differentiation of AD from controls and depression
ROC analysis resulted in areas under the ROC curves (AUC) above 0.87 for several biomarkers or ratios of biomarkers when differentiating AD from controls and depression (Table 3) . None of the biomarkers resulted Fig. 2 . The figure depicts the levels of Aβ 42 in the different diagnostic groups, stratified by the main APOE genotypes. The levels of Aβ 42 differed significantly between subjects with AD when compared to controls, cases with depression or cases with stable MCI, respectively, even when analyzing the subgroups with E3/E3 or E3/E4 separately (p<0.01). Similarly, the levels of Aβ 42 differed significantly between subjects with MCI-AD when compared to controls, cases with depression or cases with stable MCI, respectively, even when analyzing the subgroups with E3/E3 or E3/E4 separately (p<0.01). The groups with E2/E4 and E4/E4 genotypes are too small to be able to reliably study effect of diagnosis on Aβ 42 levels. Error bars represent SEM.
in significantly greater AUCs than that of Aβ 42 alone, when it was quantified with xMAP technology (Table 3) (p > 0.05). However, both Aβ 42 and T-tau performed better than P-tau (p < 0.001). Moreover, the T-tau/Aβ 40 ratio was superior to T-tau alone (p < 0.001) when the biomarkers were used as continuous variables. Youden's index was then used to establish optimal cut-offs when separating AD patients from controls and patients with depression, resulting in sensitivity and specificity levels > 85% for many of the combinations of biomarkers (Table 3) . The highest Youden's index (0.80) was achieved when either using the Aβ 42MSD /Tau ratio (< 7.3) or when using the combination of Aβ 42xMAP (< 209 ng/ml) and T-tau/Aβ 40 ratio (> 0.088) (Table 3, Fig. 3 ).
Prediction of AD among MCI patients
ROC analysis resulted in AUCs 0.84 for several biomarkers or ratios of biomarkers when predicting The variables are ordered by their diagnostic performance according to Youden's index. Abbreviations: AUC, area under the ROC curve; Aβ 42xM AP , Aβ 42 quantified with xMAP technology; Aβ 42M SD , Aβ 42 quantified with MSD technology; T-tau, total tau; P-tau, phosphorylated tau. subsequent development of AD in patients with MCI (Table 4) . Also in the MCI cohort, none of the continuous biomarker variables resulted in significantly greater AUCs than that of Aβ 42 alone when it was quantified with xMAP technology (p > 0.05) ( Table 4) . Corroborating earlier findings [11] , the predictive values of Aβ 42 /Aβ 40 and Aβ 42 /Aβ 38 ratios were higher compared to that of Aβ 42 alone (p < 0.01) ( Table 4) when using the MSD technology to quantify Aβ in MCI patients. However, Aβ 42 quantified with xMAP technology performed as well as the Aβ 42 /Aβ 40 (MSD) ratio.
Following recommendations in the STARD criteria, we applied the same cut-off levels previously established in the AD, control, and depression groups to the cohort with MCI patients.0 This approach resulted in sensitivity and specificity levels above 80% for several of the combinations of biomarkers. The highest Youden's index (0.70) was achieved using a combination of Aβ 42 (< 209 ng/ml) and T-tau (> 62 ng/ml) ( Table 4 ; Fig. 3 ). This combination could predict future development of AD in MCI patients with a sensitivity of 88%, specificity 82%, positive predictive val- Table 4 The ability of CSF biomarkers to predict subsequent development of Alzheimer's disease in patients with mild cognitive impairment (MCI) when using the same cut offs as in Table 3 ue 71%, and negative predictive value 94% (Table 4 ; Fig. 3 ). Moreover, logistic regression analyses revealed that MCI patients with both low Aβ 42 and high T-tau levels had a substantially increased risk of developing AD (OR 20; 95% CI 6-58), even after adjustment for age, gender, baseline MMSE score, and APOE ε4 carrier status. Furthermore, the risk factors were analyzed simultaneously using a multivariate backward stepwise logistic regression model. In this stepwise model, pathological CSF (both low Aβ 42 and high Ttau levels), and baseline MMSE score were significantly associated with progression to AD among MCI subjects, while the other risk factors (APOE ε4 carrier status, age, and gender) did not contribute to the explanatory power of the model. As expected, the same results were obtained when using a multivariate forward stepwise logistic regression model (data not shown).
DISCUSSION
We found that several combinations of biomarkers exhibited sensitivity and specificity levels above 85% for differentiation of AD from controls and depressive disorder when optimal cut-offs were defined in the same diagnostic groups. Using the previously established cut-offs, a combination of Aβ 42 and T-tau could predict future development of AD in MCI patients with a sensitivity of 88%, specificity 82%, positive predictive value 71%, and negative predictive value 94%. The MCI patients with both low Aβ 42 and high tau levels had a substantially increased risk of developing AD (OR 20; 95% CI 6-58), even after adjustment for potentially confounding factors such as APOE ε4 carrier status.
Corroborating earlier data [10, 14, 16] , the levels of Aβ 42 , T-tau, and P-tau did not differ between individuals affected with AD in the MCI stage and those that were already demented, indicating that these biomarkers become substantially altered very early in the disease process of AD. Interestingly, there is evidence of changes of CSF tau and Aβ 42 in the even earlier, pre-symptomatic phase of the AD [29] [30] [31] . Moreover, longitudinal studies with repeated CSF taps in patients with AD show that CSF biomarkers do not change substantially over time in demented AD patients [32] [33] [34] [35] , even though there might be a slight increase in T-tau levels over time [32] . These results strongly indicate that CSF tau and Aβ 42 , like amyloid imaging, are diagnostic markers that change during the presymptomatic stages of the disease, and then are quite stable over time [5] . Accordingly, CSF biomarkers should primarily be used as diagnostic markers detecting the underlying disease state, and other methods, such as cognitive tests or measures of brain atrophy or regional cerebral blood flow, are needed to reflect the stage of the disease.
In the present study, the MCI patients who did not develop any dementia disorder were followed clinically for an average of 4.7 years (range 3.0-7.2), which is similar to our previously published cohort with MCI [10] . An even more extensive follow-up period of the cognitively stable MCI patients might increase the specificity (and positive predictive value) of CSF biomarkers further, since some of the included cognitively stable MCI patients with abnormal CSF might still develop AD in the future. We therefore intend to continue to follow this cohort of MCI patients over time.
According to the STARD recommendations [18] , we established the cut-offs of each biomarkers or combination of biomarkers in an independent cohort and then applied them in the population with MCI. This was not the case in our previously published MCI study [10] , and probably explains the somewhat lower predictive accuracy of CSF tau and Aβ 42 in the present study. However, it is important to note that it is very difficult to use cut-off levels from other studies, because the absolute levels of T-tau, P-tau, and Aβ 42 differ between studies. This is probably due to unsatisfactory standardization of biomarker levels between different laboratories and different handling of CSF samples before analysis [25] . This problem was highlighted in a recent multi-centre study showing quite large differences in CSF biomarker levels (especially Aβ 42 ) between clinical sites [16] . In spite of these problems, three multi-center studies, with average follow-up times of 1-3 years, have shown that CSF biomarkers are associated with future development of AD in cohorts with MCI [9, 14, 16] .
The present study suggests that CSF biomarkers can stratify MCI patients into those with very low or high risk for future development of AD. Therefore, CSF biomarkers could be used to identify MCI patients who are at high risk of developing AD for therapeutic trials investigating new disease-modifying therapies. Using this approach, one would need to include a lower number of MCI patients in such treatment trials. In addition, beneficial effects of treatments are likely to be easier to detect in MCI cohorts with a very high prevalence of incipient AD. Finally, it could be considered more ethical to not include patients with a very low risk of AD in trials that could cause side effects.
It has recently been proposed that AD might be diagnosed before the patients fulfill the established clinical criteria of AD with the help of certain examinations, including CSF biomarkers, magnetic resonance imaging, and positron emission tomography [36] . However, the present study indicates that the positive predictive value (71%) of tau and Aβ 42 for prediction of AD is still too low to be able to diagnose AD before the pa-tients fulfill the clinical criteria. Even though the cognitively stable MCI patients were followed for almost an average of 5 years, it is still unclear if all MCI cases with abnormal CSF biomarkers will develop AD in the future. However, the positive predictive value of CSF biomarkers can be increased if they are combined with other diagnostic methods, such as measurements of regional cerebral blood flow [37] . Interestingly, the negative predictive value of tau and Aβ 42 was found to be very high (94%) in the MCI cohort, indicating that MCI patients with normal CSF Aβ 42 or tau levels do not run an increased risk of developing AD compared to the normal population. If used in the clinical practice, patients with normal CSF biomarkers might be reassured and they would probably not need an extended and costly clinical follow-up.
